Abstract Pollutant dynamics and bioavailability greatly differ in soil and aquatic systems. Therefore, specific approaches and models are needed to assess the impact of soil contamination to terrestrial ecosystems. Earthworms among other soil invertebrates have received more attention because of their ecological importance. They represent a dominant part of the soil biomass and are soil engineers regulating important soil processes, notably fertilization. The release in soils of pollutants known for their persistence and/or their toxicity is a concern. Exposure of terrestrial species to pollutants that may alter genomic function has become an increasing topic of research in the last decade. Indeed, genome disturbances due to genetic and epigenetic mechanisms may impair growth, as well as reproduction and population dynamics in the long term. Despite their importance in gene expression, epigenetic mechanisms are not yet understood in soil invertebrates. Until now, pollutant-induced changes in genome expression in natural biota are still being studied through structural alteration of DNA. The first biomarker relating to genotoxicant exposure in earthworms from multi-contaminated soils reported is DNA adducts measurements. It has been replaced by DNA breakage measured by the Comet assay, now more commonly used. Functional genomic changes are now being explored owing to molecular "omic" technologies. Approaches, objectives and results are overviewed herein. The focus is on studies dealing with genotoxicity and populational effects established from environmentally-relevant experiments and in situ studies [Current Zoology 60 (2): [255][256][257][258][259][260][261][262][263][264][265][266][267][268][269][270][271][272] 2014].
Introduction
Soil resources are finite, prone to degradation by land misuse and soil mismanagement, and under pressure for conversion to other land uses. Rapid increase in world population, which has doubled in the last forty years (>7 billion in 2013) and will continue to grow though at a slower rate in the 21 st century, may have drastic consequences on availability and quality of soil. Healthy ecosystems are needed to provide us with fertile soil, clean water, food and other natural resources.
As with pollution of surface waters, contamination of land has increased with anthropogenic activities. Past industrial activities, waste disposal and agricultural practices are sources of soil pollution in the long term. While the major classes of pollutants are roughly the same in water and soil systems, their fate and effects on living species may differ in the two compartments. Soils are complex associations containing living organisms, mineral particles and organic matter. The clay fractions of the minerals and the humus of organic matter are colloids of very small size (< 2µm) with large surface area to volume ratios, and consequently high binding capacity to inorganic and organic molecules. The binding of pollutants to soil colloids reduces their mobility and their bioavailability, and modulates their biological effects. In addition, soil ageing and weathering are important factors influencing the available fraction of pollutants in soils and decreasing their environmental bioavailability for uptake by organisms and for exerting toxic effects (Spurgeon and Hopkin, 1995; Peijnenburg et al., 1997 , Alexander 2000 . As a result, toxicity towards terrestrial species cannot be extrapolated from aquatic species. Specific approaches and models are needed to assess the impact of soil pollutants on terrestrial biota. Earthworms among other soil invertebrates have received more attention because of their ecological importance. Earthworms represent a significant, if not a dominant part of the soil biomass, and are soil engineers regulating important soil processes, notably fertilization. Approaches advocating field studies or the use of natural soil in experiments with a lag time allowing for spiked soils to equilibrate after preparation are recommended in order to account for pollutant availability and environmentally relevant conditions of exposure (Spurgeon et al., 2003) .
The challenge regarding exposure to soil pollutants is to determine the extent to which biota can be contaminated, and to identify adverse effects in individuals and more importantly in populations and communities. Investigations at the genome level are relevant to detect early effects that may have consequences for cell functioning. Indeed, genetic material is known to encode all information necessary for an organism to grow, divide or reproduce, and die. Therefore, genomic impairment can be considered as early biomarkers of effects at the individual level (Burcham, 1999) .
For decades, integrity of the primary structure of DNA has been considered essential in life such that genotoxicity studies focused on detection of structural DNA alterations (Dearfield et al., 2002; Muller et al., 2003) . A number of traditional methods for genotoxicity testing are based on this principle: that is, to quantify the degree or the amounts of random DNA alterations, and estimation of the risk being probabilistic. As far as environmental health is concerned, fixed mutations are considered as major threats, since they can be transmitted to subsequent generations when gametes are mutated. Mutations may concern genes controlling fertility, development and embryonic survival. Therefore, it can be hypothesized that a higher level of DNA damage is related to a higher impact at the population level. In a few studies, this hypothesis has been verified by measuring impact to fertility and reproduction in parallel to genotoxicity (Hertel-Aas et al., 2007 Bonnard et al., 2009 ). This is a particular feature of some research studies to link alteration of the primary structure of DNA and physiological effects with implications for populations.
Recently, molecular and "omic" technologies have opened up new avenues to analyze the whole genome and to get through large amounts of information such as gene transcripts (transcriptomics) and metabolites (metabolomics) (Bundy et al., 2008 (Bundy et al., , 2009 ). The analysis of gene expression changes is a powerful tool to diagnose effects of major stressors and to analyze mechanisms of toxicity. Earthworms are non-model organisms and their genome has not been sequenced, which limits the application of these technologies. Yet, considerable efforts have been made for constructing cDNA libraries to analyze gene expression changes and identify cell function of the genes implicated. This approach was used specifically to explain mechanisms of tolerance and adaptation observed in field populations.
Nowadays, epigenetic phenomena have been discovered to be fundamental for proper development and cellular differentiation within normal tissues. Epigenetic effects refer to functionally relevant modifications to the genome that do not involve a change in the nucleotide sequence. Despite advances in mammalian research, there is still little knowledge on the role of epigenetic changes in terrestrial species. Global DNA methylation is one of the epigenetic mechanisms investigated in earthworms so far.
Pollutant-induced changes in genome expression in natural biota are still being studied mainly through structural alteration of DNA. In this article, we first overview those studies measuring DNA adducts or DNA breakage, the main biomarkers of exposure to genotoxic pollutants in earthworms. Secondly, advances in new technologies and epigenetics are explored to approach mechanisms of metal-induced tolerance or chemical toxicity. The relationships between genotoxicity and populational effects are also underlined when documented.
Biomarkers of Exposure to Genotoxic Pollutants
Studies on the impact of genotoxic pollutants to terrestrial species have recently been reported owing to the development of methods that allow surveys of living species in contaminated environments. The measurement of DNA adducts and the comet assay have markedly improved the potential for investigating populations at risk. Indeed, they can be applied in situ and in different cell types, without prior knowledge of karyotype and cell turnover (Jha, 2008) . Additionally, such results integrate effects of all endogenous and environmental stressors involved (Nair et al., 1999) , an advantage that nevertheless has limitations in environmental studies when causes of disturbances have to be identified (Jha, 2008) . In contrast to the measurement of DNA structural alterations, the search for mutations in earthworms as marker of exposure to genotoxic pollutants is rare. To our knowledge, the first and the only study in this area is the analysis of mitochondrial mutation frequencies induced by ionizing radiation in Eisenia fetida, yet with a low sensitivity thereby precluding environmental applications (Wilding et al., 2006) .
Eisenia fetida (andrei), which is a manure species living in organic matter-rich substratum is recommended by international guidelines (OECD, 1984; ISO, 1998) as test species and de facto has been mainly used in genotoxicity studies. It has a short life cycle, hatching from cocoons in 3 to 4 weeks, and reaching maturity in seven to eight weeks. It is a prolific species and its rearing in a laboratory setting is simple. It is a representative component of terrestrial fauna, but mostly used as a compost worm because of its potential as a waste decomposer. Its representativeness as an epigeic species, as well as its sensitivity to soil pollutants compared to field earthworms, is still being debated among scientists. Thus, native species could be used, provided they originate from control areas. Aporrectodea caliginosa has been proposed by Klobucar et al. (2011) , Lumbricus terrestris, L. rubellus by Spurgeon et al. (2003) . Both are native species especially used in field studies. Before use of autochtonous earthworms can proceed, however, knowledge of their tolerance to pollutants in contaminated environments must be known. Ecologically speaking, this concern is of high interest and is discussed herein.
DNA adducts
The detection and quantification of DNA adducts by 32 P-postlabelling method was one of the first biomarkers of exposure to genotoxic compounds used in earthworms. Briefly, the technique consists in DNA extraction and purification from a tissue or the entire organism. DNA is then digested enzymatically, which removes the 3'-monophosphate of normal nucleotides. Only adductbearing nucleotides will be labeled by 32 P and T4 polynucleotide kinase. After nucleotide chromatographic separation, radioactive adduct spots are identified by autoradiography. The sensitivity of the DNA adduct 32 P-postlabelling method allows the detection of 1 adduct per 10 9 nucleotides. The low amount of DNA required combined with the detection of all the bulky adducts formed without a prerequisite knowledge of their chemical structure justified its use in environmental studies, especially in earthworms (Table I) . DNA adducts result from covalent binding to nucleic acids of compounds which are reactive per se or require metabolic processes to form chemically reactive intermediates (Lutz, 1986) . Most studies in earthworms related to benzo[a]pyrene (BaP) spiked soils or soils contaminated with polycyclic aromatic hydrocarbons (PAHs) ( Table I ). The measured DNA adducts testified to metabolic activation of BaP or of PAHs in earthworms. In E. fetida, a 7-day exposure to a coal gasification plant soil heavily contaminated with PAHs (3,500 mg/kg dry weight comprising 209 mg BaP/kg) (Walsh et al., 1997 ) produced a similar level of adducts (30-35 adducts/ 10 9 nucleotides) as a standard OECD soil spiked with 50 mg BaP/kg (Saint- Denis et al., 2000) . This may be explained by the lower bioavailability of PAHs in the plant soil than in the spiked soil tested. Pollutant sequestration strengthened by soil ageing leading to a decline in bioavailability of genotoxic compounds to earthworms has been reported by several authors (Tang et al., 1998; Alexander and Alexander, 2000; Semple et al., 2003) .
Due to the role of biotransformations in the bioactivation of genotoxic organic pollutants, several authors studied earthworm enzymatic systems involved in xenobiotic metabolism. Polycyclic aromatic hydrocarbons (PAHs) were especially investigated because a number of congeners are known to be converted into reactive mutagens by the microsomal monooxygenases cytochromes P450 (CYP), and to be inducers of CYP1A in vertebrates (IPCS, 1998) . If biotransformation pathways and genotoxic effects of PAHs are described in mammals and fishes, the implication of phase I CYP1A biotransformation enzymes has been controversial in earthworms. Earthworm exposure for up to four weeks to 100 mg fluoranthene or benzo[a]pyrene. kg -1 soil (dry weight) did not induce any significant change in the activity of these mono-oxygenases (Achazi et al., 1998) . These authors measured pentoxy-and benzoxy-resorufin-O-dealkylase activities in Eisenia fetida microsomes, but did not detect ethoxy-resorufin-O-deethylase (EROD) activity specific of CYP1A. Brown et al. (2004) also failed to observe EROD activity in the L. rubellus earthworm after a 2d-contact exposure to pyrene concentrations (from 10 -7 to 1 mg/mL). Recently, Cao et al. (2013) using a fluorimetric method detected a dose dependentinduction of EROD activity in microsomes of the Eisenia fetida earthworm after a 2d-exposure to B[a]P concentrations (from 0.001 to 10 mg/L). A stimulation of EROD activity was observed at lower concentrations, followed by a decrease at the higher ones. A similar timeand concentration-dependent phenomenon of the 7-methoxyresorufin O-demethylation activity and lipid peroxidation rates was previously demonstrated by Saint- Denis et al. (1999) in Eisenia fetida andrei exposed to an artificial soil spiked with B[a]P (from 50 µg/kg to 1 g/kg d.w.). The results indicated that B[a]P could be metabolized in earthworms via either cytochrome P450 dependent-activities with the formation of B[a]P-7,8-diol-9,10-epoxide (BPDE) (Saint- Denis et al., 2000) or the generation of free radicals. Indeed, radicals might be the electrophilic species responsible for covalent binding with nucleophilic groups of cellular macromolecules.
Cells and tissues protect themselves from these reactive oxygen species (ROS) by means of antioxidant enzymes, like catalase (Saint- Denis et al., 1999) and peptides such as glutathione. Implications of glutathione-Stransferases (GST) which are involved in the phase II metabolism (conjugation) of xenobiotics are well-recognized in earthworms (Lionetto et al., 2012) .
DNA strand breaks
The single cell gel electrophoresis assay, also known as the comet assay, is based on the electrophoretic separation of relaxed strands of damaged DNA which form a halo, like a comet, made of DNA fragments released out of the nucleus. The comet assay originated from Ostling and Johänson (1984) . The method described by Singh et al. (1988) is commonly used. These authors proposed using alkaline conditions (pH>13) to enlarge detection of damage to alkaline labile sites that are converted into breaks at this pH. The assay is an efficient tool to measure DNA damage in individual cells and is widely used in toxicology and ecotoxicology (Jha, 2008; Frenzili et al., 2009; Vasseur et al., 2013) . It detects single and double strand breaks, alkali labile sites, oxidative DNA damage and DNA cross links. Using the alkaline protocol at pH>13 integrates breaks resulting from both exposure and repair. Verschaeve and Gilles (1995) pioneered the comet assay on coelomocytes of earthworms E. fetida for the detection of genotoxic compounds in soils and promoted its use for monitoring pollution of terrestrial ecosystems (Salagovic et al., 1996) . The assay became rapidly popular for environmental monitoring, due to its relative simplicity and sensitivity, and the fact that it requires a small number of cells. It is applicable to cell suspensions like coelomic fluid and dissociated tissues like epithelia of the alimentary canal of earthworms (Martin et al., 2005; Button et al., 2010) . Martin et al. (2005) showed a higher sensitivity of the intestinal cells that are particularly exposed to contaminants, compared to cells from the crop/gizzard tissue in which the ingested material is stored and grinded. Button et al. (2010) performed the comet assay on intestinal cell suspensions assessed for homogeneity, but chose coelomocytes as a more rapid method for large screening.
Thanks to the important role played by coelomocytes in the animal physiology (cellular and humoral immunity; pH and ionic balance control; storage and transport of glycogene, lipids; sequestration of pollutants), any impairment of their functioning can alter the health of the entire organism (Lionetto et al., 2012) . For that reason, coelomocytes represent the main cellular type used in earthworms in the evaluation of genotoxicity of contaminants by the comet assay. Coelomocytes are free in the coelom and may be easily obtained by non-invasive techniques such as electrical shock, use of an extruding medium according to Eyambe et al. (1991) , or sonication of earthworms. Coelomocytes of earthworms also represent a cell type of choice in genotoxicity studies because they are both exposed by the dermal uptake/ diffusion and the ingestion of soil pollutants. According to their cytomorphometric, ultrastructural and cytochemical properties, Coopper and Stein (1981) distinguished three main sub-populations of coelomocytes, namely eleocytes/chloragocytes, hyaline and granular amoebocytes, but this distinction is still under debate owing to the different stages of cell functioning and maturation (Adamowicz, 2005) . Only, Di Marzio et al. (2005) distinguished eleocytes in their genotoxicity studies and carried out the comet assay on this most abundant cell type. Otherwise, genotoxicity studies are conducted on the whole population of coelomocytes without distinction among the subpopulations.
In addition to in situ studies, the comet assay is used to assess the genotoxic potential of chemicals, including metals and pesticides, irradiation, and nanomaterials to earthworms in controlled conditions of exposure. Dermal exposure in filter papers can be used either for a rapid screening (48 h-72 h) of metals (Muangphra and Gooneratne, 2011) , pesticides (Lin et al., 2012a) and halogenated pollutants (Sforzini et al., 2011; Xu et al., 2013) or a comparison of species sensitivity to genotoxic pollutants (Klobucar et al., 2011) . The sensitivity of the model E. fetida and the native A. caliginosa was shown to be relatively equivalent regarding coelomocyte responses (Klobucar et al., 2011) . Fourie et al. (2007) studied the sensitivity of five native or nonnative earthworm species (Amynthas diffringens, Aporrectodea caliginosa, Eisenia fetida, Dendrodrilus rubidus and Microchaetus benhami) with respect to the genotoxicity of Cd (20 mg/L) after a 48h-exposure. E. fetida exhibited the highest level of DNA damage and was the second most sensitive species after D. rubidus, which showed the highest increase (3-fold) in DNA damage from the control.
The main genotoxicity studies performed in earthworms used a substratum (artificial OECD soil, field soil or cattle/cow-manure) spiked with a pollutant tested alone (Table II) or in combination, i.e. cadmium and phenanthrene (Zhu et al., 2006) , cadmium and lead (Wu et al., 2012) , chlortetracycline and tetracycline (Dong et al., 2012) . The composition of the test substrate and the equilibrium period between spiking and testing are parameters influencing bioavailability. The stabilization time is not always mentioned or specified by the authors. It is doubtful that a short stabilization of 1-2 days, as often used, is sufficient to mimic the fate of metal and organic pollutants in terrestrial environments, except for the fate of pesticides just after treatment excepted. Therefore, genotoxicity results obtained in spiked soils of different types present some degree of variability. Yet, this variability is negligible compared to the difference recorded between spiked substrates and naturally contaminated soils.
Studies on DNA damage in model or native earthworms exposed to soils sampled from polluted areas are summarized in Table III . Despite the complex and high level of soil pollution measured by chemical analyses, genotoxicity responses of model species are low and often not related to the high contamination level measured (Xiao et al., 2006b) . This is particularly illustrated with soils contaminated by past human activities (coke oven, coking plants) and heavily contaminated with PAHs, organic pollutants, and metals, the toxicity of which is much lower than expected (Bonnard et al., 2009 Eom et al., 2007) . Ageing and weathering are responsible for binding and sequestration of pollutant molecules within the soil matrix, resulting in a progressive decline of their bioavailability (Alexander, 2000) .
DNA damage was related to oxidative stress induced not only by irradiation, but also by chemical exposure in studies on nanoparticles of titanium and silicium oxide, atrazine, aromatic hydrocarbons, biocides and fly ashes. Production of reactive oxygen species (ROS) reflected by changes in antioxidant enzyme activities (superoxide dismutase, catalase) and increased lipid peroxidation (indicated by malondialdehyde) has been measured in parallel to genotoxicity and cytotoxicity evaluated with the neutral red retention time (NRRT) assay. DNA oxidative damage can be quantified by HPLC analysis of the indicator of DNA oxidative lesions, 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-dG), as done in E. fetida grown in metal-spiked soil by Nakashima et al. (2008) . Direct measurement of oxidative DNA damage using the Fpg-modified comet assay is scarce in earthworms. Only Hertel-Aas et al. (2011) studied DNA strand breaks and oxidized lesions in E. fetida exposed to ionizing radiation over two generations. Their objectives were to investigate sensitivity and repair capacity of spermatogenic cells in comparison to coelomocytes and to relate results with reproduction impairment described in Hertel-Aas et al. (2007) . The 8-oxo-dG is recognized by formamidopyrimidine DNA glycosylase (Fpg). The formamidopyrimidine glycosylase (Fpg)-sensitive sites were measured in coelomocytes and spermatogenic cells using the Fpg-modified comet assay which consists in measuring breaks with and without Fpg. The results suggested a slight increase in oxidized lesions (Fpg sensitive sites) in spermatogenic cells from worms exposed at 11mGy/h in the F0 generation, but not in F1. Capacity of repair was much lower in spermatogenic cells than in coelomocytes, and was limited to strand breaks in the testicular tissue, suggesting a higher potential of accumulation of oxidized lesions in male germ cells. Reproduction was reduced at lower dose rates (≥ 4 mGy/h in F0 and at 11mGy/h in F1). There was no effect on cocoon production rate, but hatchability decreased over time and was significantly reduced at 11 mGy/h in the last weeks of exposure. The number of F1 hatchlings per F0 adult was reduced at 4mGy/h, with a borderline significance (Hertel-Aas et al., 2007) . The likely mechanism for the reduction in hatchability is that damage is induced directly in male germ cells (spermatogenic cells) or that there is accumulation of damage in the testes and seminal vesicles. This could result in reduced fertility.
It is worth noting that elongated spermatids and spermatozoa were not investigated in the above study, due to their high degree of chromatin compaction that would have required a specific procedure for analysis. It is probable that highly compacted chromatin protects spermatozoa from DNA-reactive agents. Yet, DNA damage in their spermatogenic precursors, the radiosensitive spermatogonia, may have consequences on fertility and on the progeny. Nothing is known on the temporal development of oogenesis in E. fetida and on the radio-sensitivity of these cells in the different stages. Since earthworms are hermaphrodites, damage in female germ cells may also contribute to effects on reproduction. These aspects would be worth studying, despite the difficulty linked to experimental studies.
Other authors compared DNA damage in coelomocytes with reproduction in earthworms exposed to genotoxic agents. Bonnard et al. (2009) found that the end points, cocoon production, hatchability, and genotoxicity in coelomocytes, had about the same sensitivity following exposure of E. fetida to polluted soils from a former coking plant. Lourenço et al. (2012) registered a 100% inhibition of cocoon production of E. andrei exposed in situ to uranium mining wastes after 56 days, and a sharp increase in DNA damage from the first day of exposure followed by a plateau. Casabé et al. (2007) found that glyphosate reduced reproduction but was not genotoxic, while chlorpyrifos was genotoxic at concentrations that had no significant impact on reproduction.
Obviously, a relationship between genotoxicity in coelomocytes and reproduction impairment is not straightforward, by far. Reproduction may be affected primarily by endocrine disruptors. Yet, indirect effects through metabolic deficiencies resulting from coelomocytes damage are possible. The kinetics of genotoxic lesions and efficiency of repair should be analysed to interpret genotoxicity beyond its significance as a biomarker of exposure. The probability that DNA damage in germ cells and in coelomocytes occur in parallel depends on the type of DNA lesions, the cell capacity for repair and the degree of exposure. At present, genotoxicity in coelomocytes can only be considered as a warning signal. Complementary investigations on the reproduction process are required to interpret positive results at the population level.
A decrease of DNA breaks in coelomocytes has been recorded over time in several studies. This may be due to the elimination of damaged cells by apoptosis (programmed cell death), or to the intervention of DNA repair processes. If the damage is extensive, the cell can undergo apoptosis (programmed cell death), effectively releasing it from becoming a mutant cell (Evan and Littlewood, 1998) . Using the comet assay, apoptotic cells can be easily visualized, being characterized with a disintegrated nucleus. The sprayed genetic material can be clearly discriminated from damaged nuclei of nonapoptotic cells.
In the absence of an apoptotic mechanism, a timedependent reduction of strand breaks can be interpreted as the result of DNA repair, provided action of repair systems has been shown. Two phases in the time-dependent response of strand breaks were described by Qiao et al. (2007) and Bonnard et al. (2009) , with DNA damage first peaking and decreasing during the second week of exposure. As the decrease was observed for moderately damaged coelomocyte nuclei (% tail DNA < 60%) and as no apoptotic cells were recorded whatever the time of exposure, the authors hypothesized that DNA repair had occurred ). Yet, DNA repair was not measured to validate their comments. However, the occurrence of DNA repair pathways in earthworms was substantiated in other studies consisting in transcriptomic analyses carried out to characterize the genome of earthworms and to identify the genomic expression changes caused by pollutant exposure (see next paragraph).
Comparison of genotoxicity responses of native and non-native earthworms shows that negative results are often found when testing native earthworms harvested from contaminated areas. On the other hand, a positive response is registered with earthworms of the same species originating from a stock culture maintained in uncontaminated conditions (Table III) . Button et al. (2010 Button et al. ( , 2012 demonstrated the resistance of lumbricids from As-contaminated soils to As genotoxicity (Table III) . A tolerance to the genotoxic effects of cadmium was reported by Voua Otomo and Reinecke (2010) in a field population (E. fetida) which came from a severely polluted environment. No significant DNA damage was reported with the outdoor population and the long-term Cd-exposed population, while the long-term controls exhibited a high level of damage in response to cadmium. Elucidation of the mechanisms of this tolerance requires investigation at the genome level to determine the functioning changes associated with phenotype modifications.
Binding to metallothionein, a small, cysteine-rich, thiol protein which bind metals with thiol affinity and blocks their toxicity, is often invoked as one of the possible mechanisms of resistance to a metal like cadmium. An overexpression may be attested by an increased protein level. Instead, an upregulation of the gene may be measured using real-time PCR (polymerase chain reaction) and specific primers for amplification of transcripts. Metallothionein overexpression has been found in coelomocytes of E. fetida exposed to metal-polluted soils after long term exposure (Bernard et al., 2010) and to agricultural soils contaminated with Cd in the range 2-5 mg/kg (Brulle et al., 2011) . Transcripts of metallothionein and superoxide dismutase were also shown to be overexpressed in E. fetida exposed to solutions of TiO2 nanoparticles at high concentrations (Bigorgne et al., 2011) . In the above studies however, there was no other measurement allowing to establish a link between upregulation of the gene and phenotypic or genotoxic responses. An upregulation of the gene in the parents and their progeny could argue in favor of a tolerant process.
Molecular Approaches of Genomic Changes in Earthworm
An "oriented" or "a priori" approach which consists in analyzing the expression change of genes supposed to be impacted, using amplification by quantitative PCR (polymerase chain reaction) and specific primers, can be used when the gene sequence is known. Then the comparison between exposed and unexposed animals is easy to identify or confirm the genes impacted by pollutants, as reported above.
Whole genome analysis
A global approach investigating the whole genome increases performances dramatically since it allows to discover unexpected genomic targets and pathways. In the case of earthworms, which are non-sequenced species, alternative methods to microarrays have to be chosen. Among these, random amplified polymorphic DNA (RAPD) (Welsh and McClelland, 1990; Williams et al., 1990) and AFLP [amplified fragment length polymorphism, Vos et al. (1995) ] have been mostly used in earthworms. These techniques are based on DNA amplification after random primer annealing. Each primer generates amplimers of different sizes that can be separated by electrophoresis. Patterns from control and treated samples are compared and the appearance or/and disappearance of bands, or changes in band intensity can be due to alterations at DNA level, such as mutations, DNA breakages, DNA adducts that could interfere with the Taq (Thermus aquaticus) polymerase.
Kautenburger (2006) analyzed the genetic variability of L. terrestris populations from different habitats in Western Germany using RAPD markers (Table IV) . Genetic similarities were found within sites and among adjacent sites, attesting that L. terrestris fulfilled genetic homogeneity at closely located sites and can be qualified as a bioindicator. RAPDs and AFLPs appeared as adequate markers to trace back the history of earthworm colonization (Dupont, 2009 ). The AFLP technique, based on selective PCR amplification of restriction fragments from a total digest of genomic DNA, is now preferred, as it is more reproducible than RAPD. The AFLP procedure showed a higher level of genetic diversity in populations originating from the most disturbed sites (Dupont et al., 2012) and confirmed parthenogenetic reproduction in some earthworms species, the same genetic markers being found in the offspring and in the parent (Shen et al., 2012) . AFLP markers are used for nuclear genotyping in conjunction with mitochondrial cytochome oxidase subunit II (mt-DNA COII subunit) marker, to analyze the earthworm population's genetic structure. Owing to sequencing of mitochondrial DNA of Lumbricus terrestris in 1995, the sequences of mt-CO subunits have been used in earthworm taxonomy since 2003, in place of traditional morphological taxonomy, with the advantage of much higher performances in recognition of multiple lineages within a species. These molecular techniques are progressively substituting electrophoresis of allozymes to describe genetic diversity and allele frequency in populations of L. rubellus (Peles et al., 2003; Simonsen and Scott-Fordsmand, 2004; Simonsen and Klok, 2010) and Dendrobaena octaedra (Haimi et al., 2007; Simonsen et al., 2008) in relation to impacts of soil pollution. AFLP markers and mitochondrial (mt-DNA COII subunit) marker were studied in L. rubellus at different contrasting sub-sites of disused mines contaminated with lead (André et al., 2010) or copper and arsenic (Kille et al., 2013) , located in UK in Wales and Devon, respectively. Two distinct genetic lineages were revealed in L. rubellus populations with a mean interlineage mtDNA sequence divergence of approximately 13% indicative of a cryptic species complex typical of specialized environments (André et al., 2010) . AFLP analysis corroborated the presence of two L. rubellus lineages as indicated by the mitochondrial markers.
Whole transcriptome analysis
Analysis of the whole transcriptome (gene expression) without any knowledge of the genome sequence in pioneering studies required the use of RNA-arbitrarilyprimed polymerase chain reaction (RAP-PCR, Welsh et al., 1992) , subtractive hybridization technique [SSH, Sargent and Dawid (1983) ], or differential display (Liang and Pardee, 1992) . These approaches use random primers to amplify cDNA after mRNA extraction, prior to amplimer analysis. Sturzenbaum et al. (1998) used differential display in L. rubellus to search for differentially expressed genes in a population adapted to heavy metal stress. They found a number of distinct DNA fragments specific to the tolerant population, and constructed a L. rubellus cDNA library after sequence cloning to identify the differentially-expressed sequences. Pirooznia et al. (2007) used suppressive subtractive hybridization polymerase chain extraction to isolate cDNA clones in E. fetida in response to metals, nitroaromatic and nitroheterocyclic compounds, and produced an expressed sequence tag (EST) model database (called ESTMD) containing the sequence and annotation information of 4032 E. fetida ESTs. ESTs are short single-read sequences derived from cDNA library clones selected at random and are useful in the development of cDNA microarrays to study differential gene expression. E. fetida and L. rubellus are the only two species to date to have cDNA microarrays available for more comprehensive ecotoxicogenomics studies. A 4032 cDNA microarray was used to study the transcriptomic profile of E. fetida exposed to trinitrotoluene (TNT) alone or combined to another explosive compound (Gong et al., 2008) . In addition to oxidative stress already known, the toxicogenomics approach detected alteration by TNT of the expression of genes involved in a number of pathways. The downregulation of a gene potentially related to reproduction (echinonectin) was put forward as a possible link to reduced fecundity observed with the nitrocompounds. A novel gene involved in Toll signaling pathway that was thought non-existent in the oligochaete earthworms was identified, its downregulation being related to a weakened immune system in treated E. fetida (Gong et al., 2008) . However, only a part of the differential transcriptome could be characterized and authors recognized that improvements in sequencing, annotation and construction of gene regulatory networks were needed to increase performances (Gong et al., 2008) .
A high-density cDNA microarray for L. rubellus was constructed to analyze the transcription responses of worms to chronic exposure to cadmium, atrazine and fluoranthene, applied alone or in combination . A confirmation and a novel insight in mechanisms of toxicity were provided with this approach. In response to cadmium, the cluster of transcripts exhibiting the most significant dose dependent induction were members of the key protective and detoxification pathway for Cd, namely, isoforms of the metal-binding metallothionein. Inhibition of DNA repair by cadmium at low doses was explained by downregulation of key components of repair pathways, with similarity to RAD51 and XPA for double stranded DNA breaks and excision repair, respectively. The negative impact of Cd on Ca metabolism and long term effects on cytoskeleton were evident on the arrays. Regarding fluoranthene (FLA) a number of impacted pathways in relation to inflammation, hypoxia, and oxidative stress were described. The expression of glutathione-S-transferases in earthworms was confirmed. By contrast, no homologue of cytochrome P450 isoform 1A (CYP1A) has been identified in L. rubellus. This finding corroborated results of studies on xenobiotic biotransformation in earthworms (Achazi et al., 1998; Brown et al., 2004) . As for atrazine, it was found to up-regulate several members of the oxidative phosphorylation pathway and of the tricarboxylic acid cycle, and more importantly to up-regulate genes associated with protein synthesis and catabolism. A possible explanation might be an increase in the generation of incorrectly folded proteins. Degradation of these nonfunctional proteins and their resynthesis would account for the transcript changes observed. Bundy et al. (2008) monitored both molecular and ecological/functional endpoints relevant at the population level (reproduction rate, weight change) to study sublethal levels of copper for 70 days as a real world situation. cDNA transcript microarrays and nuclear magnetic-resonance-based metabolic profiling metabolomics were used. As expected, the molecular endpoints, metabolomics and transcriptomics, were highly sensitive, with clear copper-induced differences even at levels below those that caused a reduction in reproductive parameters. With a 70-day no-observed-effect and lowest-observed-effect concentrations (NOEC and LOEC) of 10 and 40 mg/kg soil (dry weight) respectively, for metabolism and microarray profiles, copper was shown to interfere with mitochondrial function, reducing the amount of energy available from oxidative phosphorylation and to alter membrane in parallel, as reflected by a decrease in lysosomal integrity. The molecular impacts resulted in higher-level endpoints such as reduced reproduction observed at higher concentrations (LOEC 160 mg Cu/kg soil).
Field studies were conducted to explore molecular mechanisms of metal adaptation in chronically exposed earthworms populations. Neither of the generic mechanisms underlying metal tolerance in invertebrates, either metal efflux pumps or sequestration by thiol rich peptides, namely glutathione, phytochelatin, and metallothionein, had explained Pb adaptations in earthworms (André et al., 2010) . The transcriptomic profiles of L. rubellus collected at four locations of an abandoned Pb-mine in Wales (UK) were studied using EST libraries constructed from earthworms populations with contrasting histories of Pb exposure (André et al., 2010) . The results indicated that a number of differentially expressed gene products were associated with intracellular Ca 2+ sensing and buffering. Pb-adaptation traits were linked to regulators of Ca physiology. The Casignalling pathway appeared central to Pb sequestration within chloragocytes, and complexation with the PO 4-anion common to Ca and Pb. The sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), a central Ca-transporter, presented adaptative structural modifications allowing the transport of Pb and consisting in differences in aminoacids located in the cytosolic nucleotide-binding domain of the protein, a region thought to have a critical role in determining calcium affinity and turnover. In this case, mechanisms of Pb tolerance were adaptative changes in enzyme structure and not changes in the promoters that regulate enzyme expression.
Epigenome analysis and DNA methylation
There is now mounting evidence that epigenetic effects also play a role in adaptation to environmental conditions, even in the absence of genetic variation.
Changes in the epigenome may explain some of the heritable phenotype variation in natural populations that are not caused by differences in DNA sequences (Bossdorf et al., 2008) . Epigenetic mechanisms include DNA methylation of cytosine residues, histone modifications through acetylation and methylation, and regulatory processes mediated by small RNA molecules.
DNA methylation is one of the best characterized epigenetic mechanisms. Because inorganic arsenic is metabolized by a series of reduction and methylation reactions catalyzed by methyltransferases using Sadenosylmethionine (SAM) as the universal methyl donor, this metalloid was selectively studied in earthworms naturally exposed to metal and metalloid contaminated soils. Maldonado Santoyo et al. (2011) studied the relationships between arsenic and mercury methylation in earthworm tissues, soil contamination and global DNA methylation. Results supported a competitive feature of the metalloid and metal methylation process in earthworms versus DNA methylation, but correlations depended on the speciation (inorganic/ organic) of (As+Hg) in tissues, which was troublesome and required clarification.
To understand mechanisms of tolerance to arsenic in earthworm populations, Kille et al. (2013) conducted a combined analysis of mitochondrial and nuclear genotyping and DNA methylation in L. rubellus populations from sites across an abandoned arsenic and copper mine. The two cryptic lineages (Lineages A and B) found across all the sites in the unexposed and adapted populations had both a high genome methylation content (13.5%). Yet, a clear association of methylation patterns with soil arsenic concentrations was found only for lineage B. This indicated distinct adaptative strategies (epigenetic or genetic) of the two lineages in response to arsenic exposure, not yet elucidated.
Discussion
Genotoxicity in earthworms whatever the biomarker -DNA adducts or breaks-, was measured in the studies reported here, as an endpoint reflecting exposure to bioavailable pollutants. This appeared a prior objective of investigators faced with contaminated soils, sometimes heavily contaminated, with pollutants known to be genotoxic or carcinogenic in vertebrates. DNA adducts or DNA breaks were used as biomarkers of exposure in invertebrates. The term "early biomarkers of effects" could also be used as DNA is an essential molecule whose loss of structural integrity is associated with mutations and possibly the manifestation of toxic effects in somatic tissues . Having repair and regulations in mind, and the fact that the health status of an organism cannot be inferred directly from one genotoxicity situation at a single time point without knowledge on the kinetic of repair and on gamete integrity, genotoxicity results cannot be overinterpreted in terms of populational effects. In this perspective, complementary data on phenotypic responses and reproduction are necessary to study the relationships between genotoxicity in somatic tissues and population dynamics, as was done in some studies (Bonnard et al., 2009; Hertel-Aas et al., 2007 .
The relationship between genotoxicity and reproduction would be clarified if the identity and the role of the genes impacted by the genotoxic agents could be known. To fulfill this objective, the sequence of the genes controlling the reproduction pathways needs to be characterized for gene expression to be analyzed. These conditions have not been met so far.
Evidently, mutations remaining after repair processes are major threats at the individual level and it is of great interest to detect bioavailable genotoxic pollutants for preventive efforts by environmental management. Mutations are also major threats to progeny if they can be transmitted to subsequent generations through mutated gametes. Therefore, linking genotoxicity in individuals and population effects would require either germ cells integrity to be checked, or population growth rates to be studied over several generations.
Studies of heritable germinal mutations could be analysed by means of tandem repeat DNA loci (TRDL) which show higher rate of mutations than a unique DNA sequence. These TR sequences consist of short repeat series of 2 to 100 bp, located in non-coding regions of the genome and called minisatellites or microsatellites depending on their structure. They are generally GC-rich, and constitute hotspots for mutations. Increased rates of TR mutation have been observed in wildlife as a result of environmental exposure. The relationship between germline TR instability and exposure to pollutants has been explored (Yauk, 1998 (Yauk, , 2006 Bouffler et al., 2006) . Yauk et al. (2000) studied germinal mutations in herring gulls and demonstrated the impact of environmental pollutants. They showed that gulls nesting near integrated steel mills showed significantly higher mutation rates than gulls from rural locations. Mutations of minisatellites were studied in mammals and fish after irradiation. The studies have shown that some mutations were transmissible to following generations (Yauk, 1998) . In earthworms, microsatellites are used for genetic comparisons between populations (Dupont, 2009; Gailing et al., 2012 ). An application to mutation heritability would be of interest.
Studies using "omics" confirmed the promises of these technologies as powerful means for inferred mechanisms of action of xenobiotics. Advances in the design of a comprehensive set of probes made it feasible to interrogate the transcriptome or genes of interest at a particular moment and circumstance and to elucidate metabolic processes (Gong et al., 2010) such as DNA repair pathways in earthworms . The long term earthworm exposures gave an invaluable opportunity to approach the underlying mechanisms of action in realistic conditions, without the background noise of homeostasis responses in the short term. The study of single pollutants appears a necessary step to better understand the pathways affected at different levels of exposure, before effects of their mixture is investigated. These informative approaches expand our knowledge and open new horizons on toxicity mechanisms and biological regulations. At the moment, it is doubtful that our understanding is sufficient to be able to interpret "omic" results alone, without awareness of complementary physiological effects. In the future, there needs to be a considerable shift towards an integration of transcriptomics and metabolomics measurements with higher level of biological information in order to maximize the interpretability and knowledge gained from molecular data (Bundy et al., 2009). 5 Conclusion DNA adducts and DNA breakage (comet assay) measured using model species revealed the sensitivity of earthworms to genotoxic agents and their ability to repair DNA to some extent. These endpoints appeared as good indicators of the bioavailability of genotoxic pollutants in soils, which was shown to be reduced by ageing and weathering. Results also reflected the degree of sensitivity or resistance of native species which may tolerate high levels of contaminants in field situations.
Structural DNA alterations have the potential to predict deleterious effects in exposed species, provided efficiency of repair processes has been studied with a follow up of DNA damage over time. The knowledge on the identity of the genes impacted would be useful for a more accurate interpretation of the consequences of exposure. Mechanistic approaches of the changes in gene expression are necessary to highlight the clusters of genes impacted and the mode of toxic action. "Omic" technologies are powerful research tools in this perspec-tive. Considering that the sequencing of genomes is becoming more and more accessible, the field of ecotoxicogenomics will progress in coming years. This will help understanding observed responses to environmental stressors in contaminated environments.
The relationships between DNA structural alterations or genome dysfunctioning and effects at a level of organization higher than that of individuals are not straightforward. To predict effects at the population level, genome approaches need to be complemented with phenotypic studies for growth, reproduction and juvenile sensitivity. An integration of molecular and physiological data should optimize the knowledge gained from use of these molecular tools.
It is noteworthy to keep in mind that comet assays or DNA adducts measurements, and above all "omic" studies, are time-consuming and expensive. For now, these research tools are indispensable to increase our basic knowledge of toxicity effects and mechanisms. Their application in biomonitoring is still scarce, but it can be expected that the use of these promising tools will increase in future. For the time being, physiological endpoints relevant at the population level (growth, reproduction, juvenile sensitivity) continue to thrive owing to the clear ecotoxicity information they convey coupled with their cost-effectiveness.
